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Abstract
We describethe methodologyandcurrentfeaturesor ML2000, a new-generatiordesignof ML. ML2000 adds
anumberof featurego StandardML andCaml,providing bettersupportfor extensibility andcodereuse while also
fixing latentproblems Althoughnoneof thefeatureds particularlynovel onits own, the combinatiorof featuresand
designmethodologyare.

1 Intr oduction

In 1992,an ad hoc group of researcherstartedto investigatewaysto improve the two main dialectsof ML, Stan-
dardML (SML) [33] andCaml[9]. ML alreadyprovidesa strongbasisfor developingprogramsn the smallandin
thelarge: higherorderfunctions,referencesgatatypesand polymorphismare usefulfor programmingn the small,
andfirst-ordermoduleswith separatenotionsof interfacesandimplementationsre usefulfor programmingn the
large. No languages perfect though:anumberof new implementatiortechniquesndadwancesn programmindan-
guagedesignhadbeenmadesincethe developmenbf free-standingVL implementationgn theearly 1980s.In order
to take advantageof theseadvancesthe groupdecidedio begin a cleandesign,not necessarilyupwardly compatible
with ary ML dialectbut remainingtrueto the spirit of ML.

It is now 1999andtime for a statusreport. This papergivesa snapshobf the designof ML2000 aswell asthe
principlesusedin arriving atthe design.Part of the purposehereis to consolidatelecisionsandgetfeedbackrom the
community;therationaleandprinciplesfor the designmayalsobeusefulin othercontexts.

This paperis not thefirst to discusdanguagedeaturesn ML2000. Many possibledesignalternatveshave been
exploredelsavhereby variousmembersof the group, e.g., higherorder modules[20, 25, 26, 30], classesand ob-
jects[14, 15, 43, 44], andtype-theoretidoundationg10, 22, 45]. The 1997revision of SML [34] is oneof themore
visible outgronthsof the discussionsSimplificationsandimprovementamadein this revision, includingtype abbre-
viationsin signaturesyalue polymorphism Jack of structuresharing,restrictionsto local datatypedeclarationsand
othersarea partof ML200O0.

The main goal of ML2000 is to bettersupportprogrammingin the large, andin particular to make systems
easierto extend, maintain,andmodify. To achieve this goal, ML2000 enhance$IL with supportfor object-oriented
programming,subtyping,and higherorder modules. ML2000 also addsconcurreng mechanismgo ML, which
facilitatessomeprogrammingparadigmsand makes parallelimplementation®f the languageeasier A numberof
other smallerfeaturesare also included: enhancement® polymorphismand type inference,changesn equality
amongdatatypesandsupportfor hierarchicakxceptions.Section3 describeshe new featuresof ML2000.

Thedesignof ML2000is, however, incompleteandthegroupis still consideringalternatvesfor somepartsof the
language Thediscussiorin Sections3 and4 includedescriptionf someof the mainquestionstogethemwith some
possibleanswers For instancealthoughmuchof the basicdesignof objectsandclassediave beensettled(e.g.,that
classesresecond-clasentitiesseparatédrom modules providing for objectconstructiorandsomesort of visibility
control) the specificshasnot beenfinalized. The ongoingdevelopmentof the classsystemsn MoBy [14, 15 and
Objective Caml[39] provide possibleapproaches.
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2 Methodology

In building anew generapurposdanguagethedesignmethodologycanbeasimportantasthetechnicadesigrpoints.
Thestartingpointfor ML2000is, of courseML. ML2000 sharesomeof thesamecharacteristicasML: it is atyped,
call-by-value languagewith polymorphism,higherorderfunctions,recursve datatypesand pattern-matchingside
effectsin theform of exceptionsjnput/outputoperationsandmutablereferencecells,andmodules.Themaindesign
principlesof ML—typesasan organizingprinciple, focuson predictablesemanticsandfoundationsn call-by-value
A-calculus—carnoverto thedesignof ML2000.

FirstandforemostML2000is a staticallytypedprogrammindanguageEverywell-formedexpressiorhasatype,
andMilner’stheoremhat“well-typed expressionglo not gowrong” musthold. Typeshelptheprogrammeraidingin
structuringbothlargeandsmallprogramsandprovide alayerof abstractiorabove themachine Moreover, typeshelp
thecompilerwriter: implementationef ML2000, unlike C, canchooselifferentrepresentationfor data,evenmixing
differentrepresentationis a singlecompiledprogram.Thetypesof ML2000 arechoserwith orthogonalityin mind:
thereshouldbe at mostone easily programmablaneansof codingup an algorithmor datastructurewith the same
level of efficiency. Moreover, the designprocesgor ML2000 relieson types: typesprovide a usefulway to classify
andcompardanguagdeaturesThisidea,alsousedin thedesignof ML, goesbackasfarasStrachg’s originalwork
on denotationabemantic446]: theinherenttype structureof a languagdendsinsightinto its design.Otherdesigns
of programmindanguagese.g.,Haslell [24], alsousetypesto structurethelanguage.

Typesfacilitate a secondprinciple of the designof ML2000, nhamelypredictability of semantics.We intendto
have a formal descriptionof the languagespecifying,in as completea way as possible,the type systemand the
operationakemantic®f thelanguage Formaldescriptionshelpto guidethe developmentandensurethe consisteng
of independenimplementationsmnoreover, they give abasisfor comparingmplementationsvhenthey strayfrom the
precisedefinition. Note that having a precisedefinition and predictablesemanticss not the sameasa deterministic
semanticsyith concurreng the semanticcanbe non-deterministicbut the semanticganstill specifyanallowable
rangeof behaiors.

The third main designprinciple of ML2000 is the “mostly functional” or “valueoriented”’paradigm.In a value-
orientedlanguage one programswith expressionsnot commands. Referencecells, exceptions,and input/output
primitivesare part of the languagebut usedinfrequently The experienceof programmingn ML shaws that mary
algorithmscanbeimplementedaimostasefficiently asin corventional,imperative languagesgvenwithout extensive
useof theimperative features.

Two otherdistinguishingeatureof ML—type inferenceandthetop-level loop—havelessinfluenceonthedesign
of ML2000, althoughnothingprecludegshem. Therearegoodreasongor deemphasizingypeinferenceandthetop-
level loop, eventhoughdoing so might be seenas a radical breakwith ML’s rootsin interactve theoremproving.
ML2000is meanto beastandalonéanguagecompiledandlinkedvia standardoolsor asystemik etheCompilation
Manager(CM) of SML of New Jersg [5, 6]. Typeinferenceascornvenientasit isin ML, is lessimportantin such
a languageandit allows usto considera syntaxwith more type annotations. The inclusion of a top-level loop
is relegatedto the designof programmingervironments. Also, supportfor a top-level loop biasesthe designand
complicatedeaturessuchas concurreninput/output;the lack of an explicit interactve loop makesbuilding stand-
aloneexecutableslightly simplerandgivesa morestandardasisfor programmingernvironments.

In designingfeaturesor ML2000, we evaluatechoicesbasedon threecriteria[29]: semantic§whatdo the con-
structsdo?),implementability(canthe constructde translatedo efficient machinecode?).and pragmaticgcanthe
constructexpresscommonandusefulidioms?). Pragmaticspneof the moredifficult criteriato apply, alsoincludes
issuesof programmingmethodology(e.g., avoiding constructdike typecase which canbreakdataabstraction).
The criteria areinterdependentFor instance a single-mindecemphasison implementabilitycan force oneto rule
out constructghatmake the languagesubstantiallynoreusable;to ignoreimplementabilitycanbe disastrougor the
practicalityof alanguage.

Onecriterionnotin this list is syntax.In fact,the concretesyntaxstill hasnot beendesignedfor the purposeof
discussionexampledn this paperusea SML-style syntax.The syntax,oncedesignedshouldbewithout ambiguities
andeasyto parse(preferablyLALR(1), unlike SML [1]). Thedecisionto lay asidesyntacticdiscussionsvasmade
early, andwas, in retrospectpneof the mostimportant. This is not to saythat syntaxdoesnot matter but onecan
still make decisionsaboutfeatureswithout constructingaconcretesyntax.In orderto avoid syntacticdiscussionsand
to focuson the semanticof the languagethe designof ML2000 falls into two parts(andboth partsuseabstractnot
concrete syntax). Onepart of the design,calledthe “externallanguagé, is the languagehatthe programmeruses.



The externallanguagemay usetypeinferenceo fill in typesleft out by the programmeandmayhave constructghat
caneasilybetranslatedassyntacticsugar Thesecondoart,calledthe“internallanguagé, senesto focusonthe most
essentiafeaturef thelanguage Theinternallanguages explicitly typed,andall externallanguagdeaturescanbe
translatednto it. It maybesuitablefor useastheintermediatdanguageof a compiler

We arealsocommittedto experimentatiorandworking with implementationgsa way to resolhe openquestions.
Many mistalesin languagedesignsare madein prematureattemptsat standardizatiomndareonly revealedduring
implementatioror useof the language We hopeto avoid asmary of theseproblemsaspossible.The ongoingwork
on MoBY andObjective Camlprovidesgoodopportunitiedor testingmary of theideasin ML2000.

3 Newfeatures

Mostof thenew featureof ML2000aredesignedo supportreuseandtheconstructiorof opensystemshatcanbeeas-
ily adaptecandextended.ML alreadyprovidessupportfor reusein the form of polymorphismmoduleg(structures),
andparameterizedhodules(functors). ML2000’s supportfor reuse jn the form of a modulesystem object-oriented
programmingandsubtyping significantlyextendsML atboththemoduleandthecorelevels. Theothermainaddition

standardizea setof concurrenyg primitives.

3.1 Subtyping and subsumption

While somefeaturescan be addedto ML by extendingthe language one that cannotis structuralsubtypingand
subsumptionThis is achangdn the underlyingtype systemandnot a modularfeaturethatis orthogonato the other
extensions.Theprimitive rule for subsumptionnamely

Cke=s Cks<:it
Che=t

implies that subtypingpermeateshe entire type system: theremust be rules for every primitive type constructor
definingthe <: relation. For instancethe rule for subtypingon functiontypeshasthe usualcontravariant/covariant
definition.

To make subtypingmoreuseful,a simpledeclaratiormechanisntanbe addedto the modulesystem.We have a
way to declarepartially abstractypesin signaturesimilarto the“REVEAL” keyword of Modula-3[18]:

type t < T

Any valueof typet canbe usedin a contet expectingT, but the exacttypeis hidden. Partially abstractypesare
usefulin providing objectinterfacesfor abstractypes.

3.2 Object-oriented programming

Oneof thegoalsof object-orienteghrogrammings to supportopensystemsandextensibility. In class-basethinguages
like C++[47] or Java[17], for instancepnecanaddto the methodsof objectsusingsubclassegartsof the program
thatmanipulateobjectsof the superclasstill work for objectsof the subclassML2000 includesobjectsandclasses
alsoto make systemsnoreextensible put objectsandclassesn ML2000 have someratherdistinctive characteristics.

Objecttypesexist independentlyfrom classesn ML2000; this givesadditionalflexibility to piecesof codethat
dependnly onthesignatureandnotthe particularclassfrom which anobjectis generatedObjecttypesaredeclared
throughdefinitionslike

obj type window = {
field position ©oint * int
nmet h verticalSplit :int  -> window * window }
wherethe form of the declarationresembleghat foundin Moy [15]. This definesa recursve objecttype called

window with onefield andonemethod;the orderof fieldsandmethodss unimportant.A subtypeof windows with
borderscanbedefinedby



obj type borderwin = {

field position cint * int
field borderSize ©oint
nmet h verticalSplit : int  -> borderwin * borderwin }

Objecttypesfollow a structuralsubtypingdiscipline. Both width subtyping(longerobjecttypesare subtypef
shorterobjecttypes)anddepthsubtyping(the typesof correspondingnethodsandimmutablefields of objecttypes
arein the subtyperelation)are permitted. So, for example,the above type borderwin  is a subtypeof window ;
it is a width subtypebecauset hasthe additionalbordersize  field, andit is a depthsubtypebecausehe return
type of theverticalSplit methodhasbeenspecializedTheuseof structuralsubtypingdiffersfrom Java, which
usesa subtypingorderfixed by classimplementorsin Java, interfacesarethe closestanaloguef objecttypes,but an
interfaceA denotes subtypeof B in Javaonly if it hasbeendeclaredo extendB [17].

Theclasssystemof ML2000, in contrasthasnot beenworked out asfully asobjecttypes;classesrediscussed
below in Sectior4.

3.3 Modules

ML2000 includesa modulesystembasedon SML's with two mainimprovements.Thefirst addressethe shortcom-
ings of SML with respecto separateeompilation. In SML, the typing informationknown abouta structureis not
expressibleasa source-languaggignatureprecisemoduleinterfacescanonly bederivedfrom theirimplementations.
In ML2000, the principal signature(the onefrom which all othersignaturesnay be derived) of every moduleis ex-
pressiblaewithin thesourcdanguagesomerestrictionon the sourcdanguaggsuchasrequiringsignatureannotations
on modulebindings)seemso berequired.

A secondmprovementis the additionof higherordermodules.In a higherordermodulesystem functorscan
sene asfunctor arguments functor results,and structurecomponents.The precisesemanticgor suchhigherorder
moduleshasbeen however, a subjectof muchdebate. The semanticof MacQueerandTofte [30] naturallyextends
SML behaior andthe SML Definition, but it doesnot have a type-theoreticallydefinedequationatheoryon types.
Corversely the systemsof manifesttypes[25] andtranslucensums[20, 27] have the desiredtype-theoretidlavor,
but in the higherordercasemay propagatdewer type equalitiesthan one might expect. The extensionof manifest
typesto applicatize functors[26] appeargo recover theseequationsut makeseven fewer distinctionsthat SML or
the MacQueen-dfte semantics.Although versionsof higherordermoduleshave beenimplementedn the SML of
New Jersg andObjectve Camlcompilersiit is still notclearin practicethattherearemary compellingexamplesfor
higherordermodules.Indeed,someusesof higherordermodulescanbereplacedby usesof a separate&ompilation
facility suchasCM [5]. For thesereasonsthe exactflavor of higherordermoduleshasnot beendeterminedyet.

3.4 Concurrency

While existing ML implementationfiave oneor morelibrariesfor concurrenprogrammind8, 11, 41], noneof these
tightly integratesconcurreng into the syntax,semanticsandimplementatiorof the language ML2000, in contrast,
integratessupportfor concurrenyg into all aspect®f thelanguage.

ML2000 hasthe notion of independenthreadsof control and supportfor first-classsynchronousoperations.
First-classsynchronousoperationswere first introducedin PegasusML [40] and were refinedin ConcurrentML
(CML) [41]. Forthe mostpart, ML2000 follows the designof CML. It providesaneventtype constructoifor repre-
sentingsynchronousaluesandthe samesetof combinatordor constructinghew eventvaluesfrom existing ones. It
does however, provide a differentsetof baseeventconstructorsunlike CML, ML2000 doesnot provide outputevent
constructordor channelcommunicatior(i.e., rendezouscommunication).Instead,channelsare bufferedandsend
operationsarenon-blocking makingimplementation®n multiprocessorpossible.

In addition to channels,ML2000 also provides synchronougnemoryin the form of I-structures[2] and M-
structured3]. The semanticof ML2000 mustalsospecifythe behaior of unsynchronizedisesof sharedmemory
Suchbehaior is noteasyto specify:aninterlearing semanticssuchasthosefor CML [4, 42], requiressequentiaton-
sisteng, but sequentiatonsisteng imposesa significantimplementatiorcoston modernmultiprocessorsT herefore,
we needa wealer model,suchasreleaseconsisteng [16], for ML2000, and mustspecifythe memoryconsisteng
modelasa globalpropertyof programtraces.



3.5 Other enhancements
3.5.1 Extensibletype

The ML2000 extensibletypeis anew featureusefulfor creatingusercontrolled hierarchicataggingschemesThese
tagsmaybeusedfor exceptionvalues,asin SML, aswell asfor taggingobjectsto supportrun-timedispatchandsafe
downcasting.

Thedeclaratiorform

exttype io = 10 of string
exttype read extends io = Read of string
exttype write extends io = Write of string

declaresa new constructolO of typeio carryingvaluesof typestring , andsubtypesead andwrite . Other
type-constructopairscanbe definedassubtypesf io , read , or write , yielding atreeof exceptionsootedatio .

Thepatternmatchingsucceed# theraisedexceptionis a sub-exceptionof thepatternin thehandle.Thisbehaior
is similar to exceptionsin Java or CommonLISP, exceptthatthereis no requirementhat exceptionscarry objects.
For example valuesof typeread orasubtypematchthe pattern(Read s) ; valuesof typeio orasubtype(includ-
ing valuesof typewrite ) matchthe pattern(I0 s) , andall otherexceptionswill matchneither In this way, the
programmecanhandlemary differentkindsof exceptionge.g.,all arithmeticexceptionswithouthaving to exhaus-
tively list the known possibilitiesor catchevery exception,andallows a programto be extendedwith new variantsof
exceptionswhile preservingld code.

The extensibletype canalsobe usedto tag valuesandprovide a notion of namedsubtypinginsteadof structural
subtyping. Supposefor instance that borderwin is a subtypeof window andbothwindow andborderwin
areobjecttypes. If we want, say to distinguishobjectsof thesetypesin heterogeneousollections,we cancreate
extensibletypes

exttype win = Win of window
exttype bwin extends win = BWin of borderwin

and createour heterogeneousollectionto be a group of taggedobjectsof type textwin . One canthen safely
downcastusingpatternmatching:

case obj of
BWin (w : borderwin) = ..
| Win (w : window) => ...
end

In effect, the extensibletype givesthe programmethe ability to definea typecaseor classcaseonstructmuchlike
thatprovidedin Java[17] or otherobject-orientedanguages.

The formal type rulesof the extensibletype follow thoseof ObjectML [44], without the closeassociatiorwith
objects. For soundnessthe value carriedby sub-constructorsmustbe a subtypeof the value carriedby the parent
constructor

3.5.2 Datatypes

Datatypesandpatternmatchingare someof the mostusefulfeaturesn ML, andthey area partof ML2000 aswell.
Therearetwo maindifferencesthough,betweerdatatypesn ML andML2000.

Thefirst differences familiar from Prolog: thereis anenforceablesyntacticdistinctionbetweerconstructorand
variables. This distinction preventscertainprogrammingerrorsand makesimplementationsimpler[1]. It already
occursin Objectve Caml,Haslell [24], andMoBY [15].

The seconddifferenceis that datatypesio longerdefineabstractypes(thatis, they areno longer“generatve”).
Type-theoreticallya datatypedeclarationis simply a definitionof arecursive sumtype,with theassociateé¢hjections
andpattern-matchingnechanismln contrasto SML, two definitionsof the samedatatypebind equaltypes,just as
two equalobjtype  definitionshindthesametype,or two equaltype definitionsbindthesametype. Abstracttypes
thenarecreatedy signatureascriptionin themodulesystem(i.e., by :> in SML'97 [34]).



3.5.3 Laziness

ML2000is a call-by-valuelanguage Neverthelesstherearetimeswhenlazy datatypesthegeneralizatiorof streams,
canprove usefulin programs.Therearethreeknown methodsof incorporatingazy datatypesandfunctionson those
datatypesn a strict language,one found in CAML [31, 50], one dueto Okasaki,and oneto Wadler Taha,and
MacQueerj49]. Thelastvarianthasbeenmplementedn experimentalersionsof SML of New Jersg. Oneof these,
or possiblya clean-slatalesignwill beincludedin ML2000.

3.5.4 First-classPolymorphism

ML providespolymorphicvaluesvia alet constructwherepolymorphicquantificationis inferred. For example,in
the SML expression

let fun f x = X
in (f true, f 0)
end

thetypeinferredfor f is ['a] a -> ’'a,andit canthereforebe appliedto valuesof typebool andint . The
guantificationimplicitly appearsat the outermostlayer of the type (the prene restriction). ML2000, in contrast,
requiregheuseof anexplicit bindingform for polymorphicfunctions,via adeclaratiorike

fun f [a] (x'a) = X

This form of declaratioris allowed, althoughnot required,in SML'97 [34]. Theexplicit type abstractionin ML2000
alsopermitsthe useof nonreggularrecursve types,which hasusesin the constructiorof purely functional,persistent
datastructureg36].

Onceexplicit type abstractions part of the languagejt seemseasonabldo allow non-pren& quantifiedtypes,
e.g.,(['a] 'a -> 'a) -> int . Suchtypesareuseful,forinstancejn Haslell [24], andin building recordsof
polymorphicfunctions,and have beenaddedin clever waysto languagesvith type inference[35]. No decisionhas
beenmade however, whetherto includesuchtypes.

3.5.5 Tuplesandrecords

SML recordshave a fixed numberof namedfields, whosevaluesmay be specifiedn ary order Tuplesarea special
caseof records Bothtuplesandrecordsareusedin functionstaking multiple argumentor returningmultiple results.
Recordargumentshave a dualusein simulatingcall-by-keyword. For thesetwo purposesit seemgiesirableo allow
recordcomponentso be specifiedin ary order, andto allow very efficientimplementationsin fact, both tuplesand
recordsn SML mayberepresenteih aflat datastructurewith constant-timexccesgo the components.

Thedesignchoicesfor recordsandtuplesbecomewider in alanguagewith structuralsubtyping.One possibility
is to simply mimic SML, and have no structuralsubtypingon recordsor tuples. This possibility, however, limits
potentialinterestingusesof recordsor tuples. For example,one might wantto extendthe above exampleof input-
outputexceptionswith

exttype io = 10 of {error:string}
exttype read extends io = Read of {error:stringfile:string}

with thevaluescarriedby the exceptionsn the subtyperelation,sothatmorespecificexceptionscarrymoreinforma-
tion.

Anotherpossibility for ML2000 is to have threedifferentforms, in orderof implementatiorcostanddecreased
efficiency of access:ordinarytuplesor recordswith no width subtyping,recordswith prefix subtyping(whereno
reorderingpf fieldsis permitted) andrecordswith width subtyping.Any of thesdormsmightsupporidepthsubtyping,
mutablefields,or pointerequality For thesale of reducinghecompleity of thelanguageit is probablybestto choose
two or threeof the possibledesignsandmake the implementationasefficient aspossible. The choiceis a difficult
issueof pragmaticsandexperimentations neededo seewhich choicesareworthwhile.



3.5.6 Arithmetic

The 1990definition of SML severelyrestrictsthe implementatiorof arithmetic: it definesa numberof differentex-
ceptionghatcanberaisedby variousoperationseachsignifying “overflon” or “divide-by-zero"errors.For instance,
anoverflow duringthe computationof (1 + x) raisesthe Sumexception,whereasanoverflow during(2 * x)
raisesheProd exception.Interestingeorderingof computationgreprohibited,andmostimplementationslid not
implementhestandardTo avoid theseproblemsthe 1997definitionof SML hasonly oneexceptionfor overflow and
onefor divide-by-zero.

ML2000 makesfurtherstepsin simplifying arithmetic.Integercomputationsn ML2000 areperformedn two’s-
complemenform with “wraparound”(no overflow exceptionsoccur),andmoreorerreturnvaluesthatmatchstandard
sizesof integersin languagedike C andJava. This allows even more aggressie optimizations,and ensuredetter
interoperabilitywith operatingsystemsand otherlanguagedike C. Of course,the programmemustbe carefulto
ensurethat computationslo not overflow, or that overflows do not affect the correctnes®f computations ML2000
will alsoprovide arbitraryprecisionintegers,andpossiblyotherintegertypesor operationsvith overflow detection,
in its library.

3.6 Featuresnot foundin ML2000

Every languagemustlimit the numberof primitives. ML2000 will not containthe following features—eenthough
they canbe usefulin othercontexts—becauséhey do notinteractwell with the restof the languageyiolate someof
thedesignprinciples,or simply do notincreasgheexpressvity of thelanguagehatmuch. Someof thesefeaturesare

Genericequality Equalitytestsfor valuesof baseypeis indispensableandpointerequalityof mutablestructuresik e
arraysandreferencess useful. The genericequalitymechanismé SML, however, aredifficult to understand
andareoftenthewrongequalityon datastructures.

Themaindifficult in understandingomesfrom equalitytype variables.For instancejn SML, onecandeclare
afunction

fun equalToBit (x,y) =if x=y then 0 else 1

with theinferredtype("a * "a) -> int . Thedoublequotesareusedto flag the factthatary instan-
tiation of the type variable”a mustbe a type that permitsequality: integers,strings,charactersor lists or
datatypedbuilt from equalitytypesalone.Unfortunatelytypeswith equalitytype variablesmustoftenbe prop-
agatedinto signaturespftenin placeswhereequality type variablesmight not be necessaryl]. They also
noticeablycomplicatethe semantic®f thelanguage.

Genericequalityis alsorarelyusefulon comple datastructuresFor instancethe equalityoperationon setsof
integersimplementedaslists is not the sameasthe structuralequalityon lists. ML2000 thusdoesnot have a
genericequalityfunction,equalitytypevariablespr eqtype declarations.

Imperative type variables Like SML'97 [34], imperatietypevariablesarenota partof ML2000. Thevaluerestric-
tion of SML'97—the only polymorphicentitiesarethosethat causeno obvious side effects—mayor may not
be a partof ML2000. If type abstractioryields expressionswith no side effects—thatis, suspendgomputa-
tion [19]—thereis no needfor thevaluerestriction.

Infix declarations ML2000 doesnot include supportfor infix identifiers. Infix identifiersbecometoo complicated
in amodule-basethnguagewhenonemustdeclarefixity in modulesmoreover, infix identifiershave dubious
utility in building largeprogramdg29].

Abstype In SML, the “abstype”mechanisngivesa way to constructabstractdatatypes. Sincesuchabstractypes
canbebuilt in the modulesystemwe omit this featurefrom ML2000.



4 Decisionsleft to be made

4.1 Typeinference

Supportfor subtypingforcesa radicalchangein the type system,and makes aggressie type inferencelesspalat-
able. Type inferenceaswell becomesnuch more complicated both algorithmically—typeinferencewithout let
is PSACE-hard[23, 28—andin the informationgiven backto programmerg$12, 38]. At the moment,Pierceand
Turners local type inference[37], itself basedpartly on Cardelli's ideasfrom Quest[7], appeardo bethe besthope
for incorporatingtypeinferencein ML2000. Localtypeinferenceappearso beunderstandablandpredictable Both
aspectareessentialn explainingthelanguagédo beginningprogrammersit would be bestto avoid, if atall possible,
complicatedalgorithmsproducingtypeswith mary quantifiedbounds.

Onepossibility is to make type inferenceinto animplementatioror programmingervironmentissueratherthan
specifyinga particularinferencetechnique.For portability betweendifferentimplementationsan exchange format
mustbe defined(presumablymostly or completelyannotatedourcecode).A goodprogrammingervironmentcould
thenelide or shav thesetypesasdesired.

4.2 Subtyping and type constructors

SinceML2000 hassubtypingjt couldalsohave morecomplex type constructorgfunctionsmappingtypesto types).
In parallelwith term-level boundedjuantificatiorthe languagecould allow boundedjuantificatiorfor the arguments
of typeconstructors:

type [a < T] t = ..

Similarly, onemight definean abstractype’a bag representing (functional)collectiontype andwant covariant
subtypingbehaior, where(t 1 bag) is a subtypeof t , bag wheneert 1 is a subtypeof t ,. This declarationis
only typesafeor implementation®f'a bag which usethetypevariable’a covariantly. Thereforeonemightwant
to annotateabstractype constructorspecificationvith polarity informationto specifythe varianceof abstractype
constructors.

This may complicatethe metatheoryconsiderablyandit is not clearyet how importantthisis in practice.If this
is notincludedin ML2000 thenabstractype constructorsvould all be considerednvariant. Type constructorsvith
known definitions(including datatypesand parameterizedbjecttypes)would subtypeaccordingto the varianceof
their definitions.

4.3 Other object facilities

Therearetwo pointsof view on cloningandfunctionalupdateof objects(creatingcopiesof objectswith updatedield
values).In avalue-orienteghrogrammindanguageébasedn ML, onemight expecttheseoperationsandthey canbe
usefulin programslndeed ML2000 objectmethodscanreturnobjects.e.g.,by calling a constructomof theenclosing
class.However, genericoperationdor cloningor functionalupdateof objects ik e thosesuppliedin Objective Caml,
have thepotentialto breakglobalinvariantsdeterminedy anobjects creator For example we mightwantto maintain
alist of all objectscreatedrom a certainclassor a certainfunction (e.g.,soa messageanbe broadcasto all such
objects);objectcopying operationsvould allow thisinvariantto beviolated.If thereis nofunctionalupdateor cloning
inthelanguagethenselftype  ormytype (atypevariablewhichin objecttypesrepresentthetypeof theenclosing
object)becomdessuseful. Eliminating cloning andfunctionalupdatealsosimplifiesthe semanticof the language.
We have yetto determinavhetheror notto includefunctionalupdateor cloningin ML2000.

ML2000 providesno mechanisnfor downcastingor typecasen arbitraryobjects,asthis would allow clientsof
modulesto breaktype abstraction.The hierarchicaltaggingmechanisndescribedn Section3.5.1allows objectsto
beexplicitly taggedn afashionsupportingsafedowncasting.

4.4 Classes

Classesn corventionalobject-orientedanguagesprovide a numberof facilities combinedinto a single construct.
They provide repositoriedor code,a mechanisnfor inheritancea explicitly declaredsubtypinghierarchyon object



types,accessontrol (e.g., public , private , andprotected members)and constructordo createobjects.
Classesnayalsoenforceinvariantsaboutthe objectsthey create.

An obviousquestions whetherclassesarenecessarin alanguagdike ML2000. Namespacenanagementode
encapsulatiorandaccessontrol,for example arealreadyprovidedfor by themodulesystem .ML2000 hasstructural
ratherthanby-namesubtyping.Objectconstructorgould simply befunctionswhich returnobjects.

Themodelof userprogrammedlassesvasexaminedn the contect of ObjectML [43]. Thisapproachs possible,
but incorvenient;it involves substantiaprogrammeioverheadand may be difficult to compile efficiently. Another
approactexploredby Vouillon [48] extendsthe modulesystento incorporateclassesthatapproachmakesfunctors
into moredynamicentities,which changeshe characteof themodulesystem.

For corveniencetherefore ML2000 will have a modestclassmechanisito supportcorvenientobject-oriented
programmingwhile minimizing the amountof nev mechanisninvolved. The MoBY [15] and Objectve Caml[39]
classmechanismgrovide exampleof this approach Both provide classmechanisms$or codeinheritanceandobject
creation. Both take advantageof the modulesystemto provide functionality For example,parameterizedlasses
canbeimplementedusingfunctors.Thesemantic®f MoBY alsousesstandardotionsof modulesandsubsumption
to model componentaccesgestrictions(e.g., private  andfriend ), usingideasfrom the study of extensible
objects[13, 45]. Java or C++-styleoverloadingof methodqmultiple methodsof the samenamewith differenttypes)
will notbea partof the classmechanism.

Oneof the moreinterestingusesof classeandmodulestogetheris a simulationof final classesIn Jasa, afinal
classis one that may not have ary subclasses.In otherwords, final classegpermit only object construction,not
inheritance We canachieve the sameeffect usinga moduleandpartialtype abstractione.g.,

nodul e Final =

struct

objtype S extends T with { ... }

class Foo { ... (* implements objects of type S * .. }

fun sConstruct (... { ... (* returns object of class Foo *) .. }
end

wherewe restrictthe moduleto a signatureof theform

signature FINAL =
sig

type S < T

val sConstruct () > S
end

Thus,the signaturehidesthe classsothatno inheritancds possible.Dueto the partialabstractionno otherclasscan
createobjectsof type S either sothe concepf final classesanbefaithfully andsimply modelled.

5 Conclusions

We have outlinedthe methodology potentialdesignspace and currentdecisionsandrationalefor ML2000, anda
numberof yetunresohedproblems.Partsof the proposaimay changebut we have confidencen thebroadoutline.

Oncesometentatize decisionshave beenmadefor theunresohedareasthedesignwill entera phaseof concrete
syntaxdesign,constructiorof a formal definition (type systemandoperationabemantics)andexperimentatiorwith
implementationsandprogramsWe expectthesepieceso affect oneother:for instanceconcretesyntaxdesigninflu-
encesandmustbeinfluencedoy, theformal definitionandexperiencen programmingvith ML2000. Fortunatelythe
toolsandtechniquedor thesepiecesalreadyexist: formaldefinitiontechniquegxist in thedefinitionof SML [34] and
in type-theoreticemantic$10, 22], andconcretesyntaxandimplementationgsanborrow ideasfrom SML, Objectve
Caml,andMoBY.

Much of whatwe have learnedgoesbeyondthe designof the language In the original ML2000 Manifestofrom
1992 theoriginalmemberof theworking groupwrotethat

The ML2000 projectis largely a consolidatioreffort, incorporatingrecentresearctresultsandinsights.
Thisis notanopen-endedesearciprogram.



More precisely at thattime it wasthoughtthatthe stateof researchn typetheoryandlanguageémplementatiorwas
sufficiently advancedto improve ML. It hastaken the group longerthan anticipated partly becauseve pursueda

moreaggressie designinvolving object-orientedeaturesandpartly because full consideratiorof the interactions
amonglanguagdeaturegequireamorework thanjust consolidation Neverthelessthe effort hassparleda numberof

researclprojects(despitethe original goal) anda substantiatevision of StandardvL[34]. We hopethatthe eventual
designwill beassuccessful.
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